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Jets in Medium:   QCD Interferometry
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ÅAt high ὴ, jets lose energy primarily by 
radiating a shower of soft gluons

ü In vacuum:  Sudakov factor

ü In medium: LPM effect

ÅThe interference pattern of the shower carries 
information about the medium

üPosition -space information:  ”ὼ

üMomentum space information:  ὺή

Landau, Pomeranchuk, Dokl. Akad. NaukSer.Fiz92 (1953)

Migdal, Phys. Rev. 103 (1956)

Induced Radiation
+ accompanying ▬╣broadening



Origins of the LPM Effect:  Elementary Phases
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Formation Time

üEdge phasesof the emission region üPhase slip from scattering



The LPM Effect:  Simplest Form
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Momentum
Information

Position
Information

Gluon EmissionHard Scattering

Mix of Both

ÅLowest-order gluon radiation + scattering
üTwist-4 (LOin opacity…)

ÅGeneral formulation of jets in a background field
üApplicable to hot or cold nuclear matte r

Caveats:

üOpacity: … ЉȾὒḺρ
üSudakov: ὼḺρ
üEikonal:  ὉᴼЊ

üBroad: 

Baier et al., Nucl. Phys. B484 (1997)

Gyulassy, Levai, Vitev, Nucl. Phys. B594 (2001)

Ovanesyan, Vitev, JHEP 06 (2011)



The LPM Effect:  More General Structure
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ÅLO structure more generally:
üLight -front wave functions
üMore complex phase structure
üHigher opacities generated recursively

ÅȰ"ÏÒÎȱ amplitudes
üProbability to out -scatter the jet from 

its initial momentum

ÅȰ$ÏÕÂÌÅ-"ÏÒÎȱ amplitudes
üDepletion of probability to retain its 

initial momentum
üEssential for unitarity

M.D.S., Vitev, Phys. Rev. D98 (2018)



Velocity Coupling:  Beyond the Eikonal Approximation

ÅNon-trivial effects of the medium velocity ◊are generally suppressed
üEikonal approximation ╔ᴼЊeffectively takes medium to be static
üTimelike component dominates:  όὴ όὉ

×Effectively sets ◊

ÅThe feedback of medium motion onto the LPM interference pattern is a 
sub-eikonal correction
üSince όprovides a vector direction, velocity corrections are super -leading , 

versus sub-eikonal corrections to the static medium .

M. Sievert Jets + Flow in the Opacity Expansion 6 / 18

External Potential Vertex



Velocity Coupling in Hot and Cold Nuclear Matter
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ÅHot Nuclear Matter: velocity coupling in Heavy-Ion Collisions

üSoft particle flow in the quark-gluon plasma
ü Inclusive jet yields [╡══]: quite sensitive to the jet , 

less sensitive to the medium motion
üSoft-hard correlations [ ὺ ς ὴ ] are directly 

sensitive to both

ÅCold Nuclear Matter:  velocity coupling at the EIC

üOrbital motion of partons and nucleons inside a nucleus
üDouble -parton distributions and higher MPI
×Correlations of chargeand momentum

Gyulassy, Vitev, Wang, Phys. Rev. Lett. 86 (2001)

Y. Kovchegov, M.D.S, Phys. Rev. D89 (2014) Kang et al., Phys. Rev. Lett. 112 (2014)



Starting Point:  Velocity Corrections to the Potential
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Fully relativistic velocity Velocity -dependent potentia l

ÅKeep velocity corrections to the Gyulassy-Wang 
potential

üEnhanced collinear scattering with the flow

üSignificant collisional energy transfer

Gyulassy, Wang, Nucl. Phys. B420 (1994)



Velocity in Jet Broadening:  Born Amplitudes
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×Explicit correction to the eikonal vertex

×Velocity-dependent potential

×Energy shift of jet by ή
ẗ

ÅStart with a calculation of jet broadening



Velocity in Jet Broadening:  Translational Invariance

×Three corrections: deflection angle , energy shift , velocity -dependent potential
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ÅNeglecting transverse gradients:╞ ♩ (i.eȟ Ȱ/ÐÔÉÃÁÌ 'ÌÁÕÂÅÒȱɊ



Velocity in Jet Broadening:  Gradient Corrections

Explicit gradient corrections:
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ÅGradient corrections couple to the relative momentum 
▲ ▲ after integration by parts

Implicit gradient corrections:

See also:  Y. He et al., arXiv: 2001.08273



Velocity in Jet Broadening:  Gradient Corrections

ÅFirst corrections from transverse drift: ᾀ —ᾀ ÔÁÎ—ᾀ ◕●

ÅGradients ofthe density , flow , and temperature (through the Debye mass)
üGradients of ”ȟὝare unsuppressed with energy
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Here:



Consistency Test:  Double-Born Diagrams and Unitarity

üContact integral contains a new real part (couples to gradients) and ╞
╔

corrections
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ÅAn important consistency check is to calculate the 
double -Born diagrams at the same order:

ÅSubtlety:evaluating the ȰÃÏÎÔÁÃÔ ÌÉÍÉÔȱ integral beyond the eikonal approximation



Consistency Test:  Double-Born Diagrams and Unitarity
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VSubeikonal corrections up to ὕρȾὉ for translationally invariant case

VGradient corrections up to ὕᶯ for the eikonal case

Unitarity: the total number of jets is 
conserved at each order in opacity:

Static medium:

Moving medium:



Velocity in the LPM Effect
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ÅVelocity corrections modify the potential and kinematics but 

do not modify the elementary LPM phases at ╞
╔

ÅConsider scalar jet particles for simplicity
üCan easily generalize the light -front wave functions to quarks and gluons



Velocity Corrections to the Interference Pattern

ÅAdditive velocity corrections to the scattering vertex and propagator

ÅElementary LPM phases are unmodified

×But the interference pattern is modified because of different weights (poles)
üStaticmedium:  ὺ ὺ ὺή

üMoving medium: ὺ ὺ ὺή ɀDifferent shifts in potential
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ÅOne illustrative example:


